Application of a strong perpendicular magnetic field B to a two-dimensional electron gas effectively quenches the kinetic energy of electrons and gives rise to flat energy bands called Landau levels (LLs) which contain a total of eB/h states, where e is the electron charge and h is Planck's constant. In graphene, each of these states has an additional fourfold degeneracy due to the spin and sublattice degrees of freedom, and the LLs possess an approximate SU(4) LLs. This occurs in graphene at filling factors Ȟ = neB/h = 4(N + 1/2) in the absence of interelectron interactions 7-9 , where n is the charge carrier density and N is the orbital index.
LLs. This occurs in graphene at filling factors Ȟ = neB/h = 4(N + 1/2) in the absence of interelectron interactions [7] [8] [9] , where n is the charge carrier density and N is the orbital index.
Hence, the quantum Hall sequence is shifted by a half-integer, a distinctive signature that reflects the sublattice pseudospin of graphene.
When disorder is low and at high magnetic field, Coulomb forces between electrons become important and many-body effects emerge. Recently, the fractional quantum Hall effect (FQHE) of Dirac fermions has attracted considerable attention [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In graphene, the low dielectric constant and unique band structure lead to fractional quantum Hall states with energy gaps that are larger than in GaAs at the same field, particularly in the N = 1 LL 11, 17, 18 .
Moreover, the SU(4) symmetry of charge carriers in graphene could yield fractional quantum
Hall states without analogues in GaAs 12-14 . The FQHE was recently observed [24] [25] [26] in suspended graphene samples at Ȟ = 1/3 and 2/3, with an activation gap at Ȟ = 1/3 of approximately 2 meV at B = 14 T. Measurements of graphene on hexagonal boron nitride substrates 27 revealed further fractional quantum Hall states at all multiples of Ȟ = 1/3 up to 13/3, except at Ȟ = 5/3, but no conductance plateaus were observed at filling factors with higher denominators. It was suggested that the absence of a fractional quantum Hall state at Ȟ = 5/3 might result from lowlying excitations associated with SU(2) or SU(4) symmetry, but alternate scenarios associated with disorder could not be ruled out 27 .
Here we report local electronic compressibility measurements of graphene performed using a scanning single-electron transistor (SET) 28, 29 . We observe a unique pattern of incompressible fractional quantum Hall states at filling factors with odd denominators as large as nine. Figure 1a shows a schematic of the measurement setup. By modulating the carrier density and monitoring the resulting change in SET current, we measure both the local chemical potential µ and the local inverse electronic compressibility dµ/dn of the graphene flake.
The inverse electronic compressibility as a function of carrier density and magnetic field is shown in Fig. 1b . At zero magnetic field, we observe an incompressible peak that arises from the vanishing density of states at the charge neutrality point in graphene. For B > 0, strong incompressible behavior occurs at Ȟ = 4(N + 1/2), confirming the monolayer nature of our sample. In addition to the expected single-particle quantum Hall features, we observe incompressible states at intermediate integer filling factors Ȟ = 0, 1, 3, 4, 5, 7, 8 and 9. These integer broken-symmetry states arise from interactions among electrons 26, 27, 30, 31 and are visible at fields well below 1 T, indicating the high quality of our sample. Most intriguing, however, is the appearance of incompressible peaks at fractional filling factors, the strongest of which emerge around B = 1 T. Below, we focus only on the novel fractional quantum Hall findings. A more detailed study of the integer broken-symmetry states will be presented elsewhere. We note that it is straightforward to distinguish fractional quantum Hall states from oscillations in compressibility caused by localized states. Localized states occur at a constant density offset from their parent quantum Hall state and are therefore parallel to lines of constant filling factor in the n-B plane 7 . When plotted against filling factor (Fig. 1c) , localized states therefore curve as the magnetic field is changed, whereas any incompressible behavior caused by an integer or fractional quantum Hall state appears as a vertical feature.
Figures 2a and 2b show finer measurements of the inverse compressibility as a function of filling factor and magnetic field. We first discuss the behavior for Ȟ < 1: incompressible peaks occur at Ȟ = 1/3, 2/3, 2/5, 3/5, 3/7, 4/7 and 4/9. This sequence reproduces the standard composite fermion sequence observed in GaAs. We resolve the strongest incompressible states, Ȟ = 1/3 and 2/3, down to B § 7 DOWKRXJK Ȟ = 2/3 weakens considerably below 4 T. As filling factor denominator increases, the field at which the corresponding state emerges also increases, with Ȟ = 4/9 only apparent above B § 7
Between Ȟ = 1 and 2, we observe a different pattern of incompressible behavior. Averaging over magnetic field helps to reduce fluctuations from localized states because they do not occur at constant filling factor as magnetic field is varied. Figure 2c shows the inverse compressibility between Ȟ = 0 and 1, averaged over 9-11.9 T (blue), and between Ȟ = 1 and 2, averaged over 4.9-6.4 T (red). These curves reveal clear incompressible peaks centered at the filling fractions discussed above. It is worthwhile to note that a slight incompressible peak occurs at Ȟ = 1.65 in Fig. 2c . While this may indicate the emergence of a fractional quantum
Hall state at Ȟ = 5/3, it is much weaker than all other multiples of Ȟ = 1/3 and is therefore consistent with the conclusion that all odd-numerator fractional quantum Hall states are suppressed. The absence of odd-numerator states suggests the presence of a robust symmetry between Ȟ = 1 and 2. The sequence of incompressible states we observe between Ȟ = 1 and 2 is consistent with SU(2) symmetry, but it is evident that this symmetry does not persist between Ȟ = 0 and 1 because compressibility is not symmetric about Ȟ = 1. The data in Fig. 2 The energy gaps that we extract are smaller than theoretical predictions 10, 11, 14, 17, 18, 21 Widths were determined by fitting a Gaussian to the incompressible peak at each filling factor.
All fractionDO TXDQWXP +DOO VWDWHV KDYH VLPLODU įn of about 4-10x10 8 cm -2 , which does not depend strongly on magnetic field. This field-independence can be understood to arise from nonlinear screening 7 VXJJHVWLQJ WKDW įn reflects the amount of local disorder in our device. The exceptionally small peak widths provide another indication that the sample is especially clean.
All the measurements described so far were taken at one position. We now discuss the spatial dependence of each fractional quantum Hall state. Line scans of the inverse compressibility as a function of filling factor and position at B = 6 and 12 T are shown in Fig. 4a and 4b, respectively. The density at which incompressible peaks occur varies with position, 
Methods
Graphene flakes were mechanically exfoliated onto a doped Si wafer capped with 300 nm of SiO 2 . Suitable flakes were identified by optical microscopy and were electrically contacted using electron beam lithography followed by thermal evaporation of Cr/Au (3/100 nm) contacts and liftoff in warm acetone. The sample was placed in 5:1 buffered oxide etch for 90 s and dried using a critical point dryer. It was then transferred to a 3 He cryostat, and was cleaned by current annealing. All measurements were performed at approximately 450 mK. The back gate voltage was limited to ±10 V to avoid structural damage to the device. The sample whose data appears in this paper is actually a monolayer-bilayer hybrid. All local measurements reported here were conducted on the monolayer side of the flake. Transport data are shown in the Supplementary Information.
To fabricate the scanning SET tip, a fiber puller was used to make a conical quartz tip.
Al leads (16 nm) were evaporated onto either side of the quartz rod, and following an oxidation step, 7 nm of additional Al was evaporated onto the tip to create the island of the SET. The diameter of the SET is approximately 100 nm, and it was held 50-150 nm above the graphene flake during measurements. Compressibility measurements were performed using AC and DC techniques similar to those described in refs. 7, 28 and 29. The SET serves as a sensitive measure of the change in electrostatic potential įɎ, which is related to the chemical potential of the graphene flake by į = -eįɎ when the system is in equilibrium. In the AC scheme used to measure dµ/dn, an AC voltage is applied to the back gate to weakly modulate the carrier density of the flake, and the corresponding changes in SET current are converted to chemical potential by normalizing the signal with that of a small AC bias applied directly to the sample. For DC measurements, a feedback system was used to maintain the SET current at a fixed value by changing the sample bias. The corresponding change in sample voltage provides a direct measure of µ(n).
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Electronic Transport
The sample discussed in this paper is a hybrid consisting of monolayer and bilayer graphene regions in parallel. Figure S1 shows the resistance of the device as a function of carrier density n and magnetic field B. We observe several quantum Hall features, with resistance maxima occurring at Ȟ = 0, 1, 2, 3, 4 and 6. This sequence includes the strongest monolayer and bilayer states, consistent with previous measurements 1 . Conductance plateaus at approximately the expected quantized value occur at filling factors Ȟ = 1 and 2 suggesting that both the monolayer and bilayer sides are simultaneously in a fully developed quantum Hall state.
Conductance is also suppressed strongly at the charge neutrality point, with resistance reaching
DSSUR[LPDWHO\ 0ȍ +RZHYHU QR RVFLOODWLRQV LQ UHVLVWDQFH RFFXU DW IUDFWLRQDO ILOOLQJ IDFWRUV
This likely reflects the charge inhomogeneity in the sample, as discussed in the main text. It is worthwhile to note that in transport, the resistive region at Ȟ = 0 is so wide that it envelops Ȟ = 1/3, even though Ȟ = 1/3 is visible at virtually all positions along the monolayer in local compressibility measurements.
Sample Behavior Before and After Current Annealing
The data presented in the main text were taken after two rounds of current annealing, and the sample changed substantially as a result of each current annealing step. Below, we discuss the progression of flake behavior associated with these cleaning procedures. Figures S2-S4 show data prior to current annealing, and Figs. S5-S6 display data taken after gentle current annealing.
Even before current annealing the device, incompressible fractional quantum Hall states were visible. Fractional quantum Hall states are clearly distinguishable in Figure S2a meV at 12 T. Moreover, the steps in chemical potential depended primarily on filling factor denominator, with no differences evident over the fluctuations caused by localized states. All incompressible fractional quantum Hall peaks had similar widths, but they were slightly wider than after current annealing, indicating increased charge inhomogeneity.
We next gently current annealed the sample, applying only 1 V between contacts. This had no effect on electronic transport, but dramatically improved sample quality. The data reveal 
Determination of the Offset in Inverse Compressibility
Due to the finite size of the sample, some fringing fields from the back gate directly affect the SET, giving rise to a constant positive offset in the measured inverse compressibility. 
Comparison With Theoretically Predicted Energy Gaps
7DEOH OLVWV WKHRUHWLFDOO\ SUHGLFWHG HQHUJ\ JDSV ǻ Ȟ of several fractional quantum Hall states, and compares our measurements with the predicted values at the highest experimentally accessible field. To the best of our knowledge, no quantitative predictions are available for the other fractional quantum Hall states that we observe. In Table 1 
